(1) the parental adoral zone of membranelles is retained completely by the proter; (2) both in the proter and in the opisthe five frontal-ventral cirral anlagen are recognizable; (3) the marginal rows and dorsal kineties develop intrakinetally. In addition, the SSU rRNA gene was sequenced for the genus Parakahliella for the first time. Molecular phylogenetic analyses suggest that two populations of the genus Parakahliella cluster together and have a close relationship with species of Oxytrichidae.
INTRODUCTION
The hypotrichous ciliates are a species-rich and morphologically diverse group that have been found in faunistic studies of different biotopes (Berger 1999 (Berger , 2006 (Berger , 2008 (Berger , 2011 Chen et al. 2017a; Dong et al. 2016; Hu and Kusuoka 2015; Li et al. 2017; Liu et al. 2017; Lu et al. 2017; Luo et al. 2017a, b; Lv et al. 2013; Pan et al. 2016; Shao et al. 2007 Shao et al. , 2011 Shao et al. , 2013 Shao et al. , 2014 Shao et al. , 2015 Wang et al. 2016 Wang et al. , 2017a . Recently, phylogenetic analyses have led to a better understanding of systematic and evolutionary relationships among hypotrichs Gao et al. 2016 Gao et al. , 2017 Huang et al. 2016; Li et al. 2016; Lv et al. 2015; Yan et al. 2018; Yi and Song, 2011) .
The stichotrichid genus Parakahliella was established by Berger et al. (1985) and comprises three species: the type species, P. macrostoma (Foissner, 1982) Berger et al. 1985; P. haideri Berger and Foissner, 1989; and P. terricola (Buitkamp, 1977) Berger et al. 1985 . Members of the genus can be clearly recognized by following characteristics: (1) undulating membranes long, curved, and optically intersect; (2) frontoventral cirral pattern relatively variable, basically composed of a buccal row, a parabuccal row, and two long frontoventral rows; (3) one or more right and left marginal rows; (4) transverse cirri lacking (Berger 2011) . In so far, two populations of P. macrostoma have been characterized: the type population from the Lower Austrian lowland described by Foissner (1982) , and an Alpine population studied by Berger et al. (1985) . Several differences in the cirral patterns of the two described populations were noted, which implies that detailed descriptions of additional populations are needed in order to know the full range of morphological variability of this species (Foissner 1982; Berger et al. 1985) .
In the present work, we describe two populations of Parakahliella macrostoma collected from Northwest China. In addition, we were able to describe some stages of their life cycle using protargol staining. The SSU rRNA gene sequence of P. macrostoma is also provided enabling the molecular phylogeny of Parakahliella to be investigated for the first time.
MATERIAL AND METHODS
Sampling, cultivation and isolation: Parakahliella macrostoma pop.1 was collected from the upper layer of soil in the Walaka Wetland (35°58′N; 101°53′E), Gansu Province, China (Fig. 1) , when the air temperature was 4.6°C and the pH measured 7.5. Five samples (about 500 g each) were taken in April 2011. Parakahliella macrostoma pop.2 was collected from Gulang (37°24′N; 102°49′E), Gansu Province, China (Fig. 1) , on 15 June 2016 (temperature 18.5°C). The sample comprised 500 g of soil from the top 10 cm layer. All soil samples were air-dried for one month, sealed in large paper envelopes for ventilation, and investigated during 2017. The non-flooded Petri dish method (Foissner 1987; Foissner et al. 2002) was performed to stimulate ciliates to emerge from the soil sample. Cells were isolated and cultured at room temperature (about 20°C) in Petri dishes containing distilled water with squeezed rice grains to enrich the availability of bacterial food.
Morphology, morphogenesis, and voucher material: Live cells were observed using bright field and differential interference contrast microscopy at 100-1,000× (Yan et al. 2016) . Protargol staining (Wilbert 1975 ) was used to reveal the infraciliature and nuclear apparatus. The protargol was made according to Pan et al. (2013) . Counts and measurements were performed with an ocular micrometer. Drawings were made with the help of a drawing device. In illustrations showing changes that occurred during morphogenesis, parental structures are depicted by contour, and new ones are shaded black. Terminology, numbering system for cirri, and systematics are according to Berger (2011) and Gao et al. (2016) .
Twenty-four voucher slides (registration no. YYQ-2016061502/A-X) have been deposited in the Laboratory of Microbiota, College of Life Science, Northwest Normal University, Lanzhou, China.
DNA extraction, PCR amplification, and sequencing: Cells of Parakahliella macrostoma pop.1 and pop.2 were isolated from ordinary cultures and washed to exclude potential contamination. The genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), following the optimized manufacturer's protocol, but modified by using 1/4 of the suggested volume for each solution. SSU rRNA gene primers were 82F (5'-GAAACT-GCGAATGGCTC-3') (Jerome et al. 1996) or 18s-F (5'-AACCTG-GTTGATCCTGCCAGT-3') and 18s-R (5'-TGATCCTTCTGCAG-GTTCACC TAC-3') (Medlin et al. 1988) . The PCR amplifications were performed using Q5® Hot Start High-Fidelity 2x Master Mix DNA Polymerase in the following protocol: 98°C for 30 s, followed by 18 cycles of 98°C for 10 s, 69°C for 40 s with touchdown by 1°C for each cycle, 72°C for 90 s; 18 cycles of 98°C for 10 s, 51°C for 40 s, 72°C for 90 s; and a final extension at 72°C for 4 min. PCR products were purified by EasyPure Quick Gel Extraction Kit (Transgen Biotech, China), and then cloned using pClone007 Blunt Simple Vector Kit (Tsingke Biological Technology, China). One clone was picked randomly and cultured in LB Broth medium for 12 hours and sequenced bidirectionally in five reactions by the Tsingke Biological Technology Company (Beijing, China).
Phylogenetic analyses:
The SSU rRNA gene sequences of two Parakahliella macrostoma populations were aligned with the sequences of 91 other ciliates downloaded from the GenBank database (see Fig. 8 for accession numbers) using the GUIDANCE2 algorithm (http://guidance.tau.ac.il/ver2/). Subsequently, unreliable columns below a confidence score of 0.335 were removed. Paradiophrys zhangi, Apodiophrys ovalis, Uronychia multicirrus and Diophrys scutum were chosen as outgroup taxa. The final alignment used for phylogenetic analyses included 1,754 sites. Maximum likelihood (ML) analysis with 1,000 bootstrap replicates was performed on the CIPRES Science Gateway with GTRGAMMA model (Miller et al. 2010 ) using RAxML-HPC2 on XSEDE 8.2.10 (Stamatakis 2014; Wang et al. 2017b) . Bayesian inference (BI) analysis was carried out with MrBayes 3.2.6 on XSEDE (Ronquist and Huelsenbeck 2003) on the CIPRES Science Gateway using the model GTR + I + G selected by AIC in MrModeltest 2.2 (Nylander 2004) . Markov chain Monte Carlo (MCMC) simulations were run for 6,000,000 generations with sampling every 100 generations and a burn-in of 6,000 trees. MEGA 5 (Tamura et al. 2011 ) was used to visualize the tree topologies . The approximately unbiased (AU) test (Shimodaira 2002 ) was performed to test the monophyly of the focal group. The constrained ML tree was generated by limiting the monophyly of focal group with unspecific internal relationships within constrained taxa and the remaining taxa. The site-wise likelihood for the resulting constrained topology and the non-constrained ML topology were calculated by Paup 4.0 (Swofford 2002) and then calculated in CONSEL (Shimodaira and Hasegawa 2001) . Outer right marginal row commences about 15% of body length, extends along right body margin and terminates at posterior end of cell, slightly separated from innermost left marginal row (Fig. 2B, E) . Usually four or five left marginal rows in pop.1 and three or five in pop.2, becoming progressively shorter posteriorly from innermost to outermost row; innermost row distinctly J-shaped in pop.1 and lightly curved rightwards in pop.2; outermost row laterally arranged, cirri widely spaced and slightly enlarged (Fig. 2B, E) .
RESULTS

Morphology of Chinese populations of
Five dorsal kineties; dorsal kineties 1-3 almost bipolar; kinety 4 distinctly shortened, commences about at 10% of body length in pop.1, 20% in pop.2 and terminates at rear cell end; kinety 5, a dorsomarginal kinety, commences at anterior of body and terminates ahead of mid-body. Three or five (pop.1) and two or four (pop.2) caudal cirri (Figs 2C, F, 4H, 3J).
Morphogenesis during binary fission (Figs 3K-M,
5-7)
Stomatogenesis Opisthe: The first morphogenetic event commences with an oral primordium (OP) just to the left of the middle and posterior portions of the left frontoventral row, Morphology and morphogenesis of Parakahliella macrostoma 111 which possibly develops de novo (Figs 5A, 7A). During this process, most parental frontoventral cirri remain intact and some left frontoventral cirri are either resorbed or dedifferentiated (Fig. 7A) . As the number of basal bodies increases, a relatively elongated anarchic field is formed posterior to the buccal cavity. Thereafter, the OP develops and differentiates new membranelles posteriad. Simultaneously, the anlage for the undulating membranes (UM-anlage) forms to the right of the OP as a long streak of basal bodies (Figs 5B, 7B, C). Later, the anterior end of the newly developed adoral zone of membranelles (AZM) bends to the right, completing the differentiation of membranelles and forming the new oral structure for the opisthe ( Figs 5D, F, H, 7H ). The leftmost frontal cirrus is derived from the anterior end of the UM-anlage (Figs 5B, D, F, H, 7D-H). Subsequently, the UM-anlage splits longitudinally into two streaks from which the endoral and paroral are formed (Figs 5H, 6A, C, 7G, H). Proter: Examples of only the middle and late stages of the proter were observed. At the middle stage, the UM-anlage forms by differentiation of the anterior portion of the parental paroral and endoral ( Figs 5B, 7B) . In subsequent stages, the basic development of the UM--anlage follows a similar pattern to that in the opisthe (Figs 5B, D, F, H, 6A, C). During this process, the parental AZM remains unchanged.
Development of the anlagen of the frontal-ventral cirri:
From the earliest stage observed, five thread-like frontal-ventral cirral anlagen (FVT-anlagen) are formed in both proter and opisthe ( Figs 5B, 7B ). The origin of the frontal-ventral primordia for the proter is as follows: anlage I originates from the old undulating membranes; anlage II forms from some or all of the buccal cirri; anlage III comes from the second parabuccal cirrus; anlage IV is derived from some cirri of the anterior part of the left frontoventral row; and anlage V originates from some cirri of the anterior part of the right frontoventral row. The primordia of the opisthe originate as follows: anlage I comes from the oral primordium; anlage II originates independently to the left of the left frontoventral row; anlage III originates from the posterior part of the left frontoventral row; anlage IV seems to develop de novo; anlage V is derived from the posterior part of the right frontoventral row. Both in the proter and in the opisthe, five FVT-anlagen are usually recognizable. Occasionally, an additional anlage occurs to the right or to the left of anlage V ( Figs 3K, L, 5D , F, H, 6A, C, 7D-H). Later, five anlagen are lengthened and form cirri. Anlage I forms the left frontal cirrus and the undulating membranes; anlage II forms the middle frontal cirrus and the buccal cirri; anlage III forms the right frontal cirrus and the parabuccal cirri; the left and right frontoventral rows originate from anlagen IV and V, respectively.
At a late stage, the divider begins to elongate and the new ciliary structures move further apart as they migrate toward their final positions ( Figs 5H, 6A, C) . Meanwhile, the parental structures are gradually resorbed, the cytostomes of the daughter cells are completed, and the daughter cells begin to separate with the formation of an equatorial furrow (Fig. 6A, C) .
Marginal cirri: Some cirri behind the anteriormost cirri of the outer right and the anteriormost cirri of the inner left marginal row are modified to the proter's marginal cirral primordia. The middle regions of the same rows were already incorporated in the primordia of the opisthe (Fig. 5B) . A conspicuous morphogenetic event was the occurrence of additional streaks within each marginal primordium (Fig. 5D) . The parental inner right and outer left marginal row(s) -they do not produce primordia -and short fragments of the parental ventral rows were still preserved ( Figs 5D, F, H, 6A, C) . Finally, all marginal cirral anlagen generate new cirri that replace the parental structures (Fig. 6C) .
Dorsal ciliature: The new dorsal kineties 1-3 obviously originate via intrakinetal anlagen within the parental rows 1, 2, and 3. Caudal cirri are formed at the end of the new kineties 1 and 2. The old dorsal kineties 1-3 are nearly completely resorbed, while the kinety 4 was fully retained. The new kinety 5 originates dorsomarginally (Figs 3M, 5E, G, I, 6B, D) . 
Division of nuclear apparatus:
The division of the nuclear apparatus proceeds as in most other hypotrichs. Briefly, the macronuclear nodules fuse to form a single mass midway through morphogenesis and then separate into many nodules; micronucleus begin stretching and connected by a thin filament in the late stage, finally separate. (Figs 5E, G, I, 6B, D, 7I-M) .
SSU rRNA gene sequence and phylogenetic analyses (Fig. 8) The lengths of the SSU rRNA gene sequence of Parakahliella macrostoma pop.1 and pop.2 (GenBank accession number KP266626, MH393767) are 1620bp and 1725bp, respectively. And the G + C contents are 46.42% and 45.62%, respectively. The similarity of these two sequences is 99.8%.
The topologies of the ML and BI trees are almost concordant; thus only topology of the ML tree with support values for both analyses is presented (see Fig. 8 ML/BI). In the phylogenetic trees, species of the family Kahliellidae are separated into three clades. Parakahliella macrostoma pop.1 and pop.2 cluster in a clade with maximum supports (100% ML, 1.00 BI), which is sister to a group of the family Oxytrichidae comprising Fig. 8 . Maximum likelihood (ML) phylogenetic tree based on the small subunit rRNA (SSU rRNA) gene sequences. Numbers at nodes represent the bootstrap values of maximum likelihood analysis out of 1,000 replicates and the posterior probability of Bayesian analysis. "*" indicates the disagreement between BI tree and the reference ML tree. All branches are drawn to scale; scale bar corresponds to two substitutions per 100 nucleotide positions.
Pseudocyrtohymena, Ponturostyla, Rubrioxytricha, Paraurosomoida, Cyrtohymena, Notohymena, Apoterritricha, Paraurostyla, Apoamphisiella and Neokeronopsis. Kahliella matisi, which represents the type genus of the family Kahliellidae, clusters with Oxytricha and Paroxytricha. Engelmanniella mobilis, which is also a species of Kahliellidae, and then is sister to the clade containing the family Strongylidiidae and two other Oxytrichidae species. Together these two clades make a group which is sister to the clade of remaining four Kahlielledae species comprising Deviata spp. and Perisincirra spp. All these three branches form a clade which shows sister relationship with the clade of five species that the phylogenetic positions are still unresolved including Orthamphisiella breviseries, Parabistichella variabilis, Uroleptoides magnigranulosa and Bistichella spp.
DISCUSSION
Identification of Chinese populations of Parakahliella macrostoma
Parakahliella macrostoma was described by Foissner (1982) from the Lower Austrian lowland and redescribed by Berger et al. (1985) from the alpine soil (Berger 2011) . The in vivo morphology and ciliature (Fig. 2, Table 1 ) of Chinese isolates are similar to the previous descriptions, combination the ontogenesis, so we can identity the Chinese isolates were Parakahliella macrostoma.
Morphometric comparison with related taxa
Our populations can be easily distinguished from Parakahliella haideri by the number of left marginal rows (3-5 vs. 1) and the number of adoral membranelles (44, 65 vs. 28) . Compared with P. terricola, our populations have: (1) more adoral membranelles (44, 65 vs. 28); (2) more caudal cirri (3-5 vs. 3); (3) less fragmented frontoventral and right marginal rows.
Morphogenetic comparison with previous population
In present work, we observed several stages of divisional morphogenesis. The main features of the morphogenetic process are: (1) the parental adoral zone of membranelles is retained completely by the proter and the anlage of undulating membranes originates from dedifferentiation of the old structures; (2) the morphogenesis of the dorsal kineties is simpler than the Oxytricha pattern, i.e. without fragmentation of the dorsal kinety 3 anlage; (3) five thread-like FVT-anlagen are formed in both daughter cells; (4) the marginal rows develop intrakinetally; (5) the macronuclear nodules fuse into a single mass during the mid-stage of morphogenesis.
The morphogenetic process of Parakahliella macrostoma was first reported by Berger et al. (1985) compared to which our populations differ in two respects: (1) opisthe's anlage II originates independently to the left of the left frontoventral row vs. from oral primordium; (2) opisthe's anlage IV seems to develop de novo vs. from middle part of left frontoventral row. Compared with Apoamphisiella, our populations can be distinguished by: the fragmentation of dorsal kinety 3 vs. no fragmentation; Our populations differ from Bistichella by: five FVT-anlagen vs. six FVT-anlagen; compared with Parabistichella, our populations can be distinguished by: five dorsal kineties vs. dorsal kinety pattern of Gonostomum-type; Our populations differ from Paraurostyla by: five FVT-anlagen vs. more than six FVT-anlagen.
Phylogenetic analyses
Originally, Foissner (1982) assigned Parakahliella macrostoma to Paraurostyla Borror, 1972, a genus classified in the oxytrichids based on some features of the ventral morphogenesis. Berger et al. (1985) classified Parakahliella in the Kahliellidae because it is consistent with the key diagnostic features of kahliellids, namely, meridionally arranged cirral rows and lacking transverse cirri (Tuffrau 1979) . This classification was widely accepted (Eigner 1995; Foissner 1998; Jankowski 2007; Lynn 2008; Lynn and Small 2002; Tuffrau 1987; Tuffrau and Fleury 1994) .
Our phylogenetic analyses showed that two Parakahliella macrostoma populations did not group with Kahliella, the name-bearing type of the Kahlielledae, though the genus Parakahliella was classified in the family Kahliellidae in the system of Lynn (2008) . Parakahliella and Kahliella differ in several respects including: (1) pattern of AZM (Oxytricha pattern vs. Gonostomum pattern); (2) undulating membranes long, curved, and optically intersecting vs. endoral relatively long, paroral rather short, not intersecting; (3) buccal field (broad vs. narrow); (4) caudal cirri (present vs. lacking).
Parakahliella clusters with the subfamily Oxytrichinae in our phylogenetic trees (Figure 8 ). This could be confirmed by the common morphological characters shared by P. macrostoma and the subfamily Oxytrichinae: (1) adoral zone of membranelles formed like a question mark; (2) three frontovental cirri; (3) undulating membranes long, curved, and optically intersecting; (4) body flexible, but not distinctly contractile; (5) dorsomarginal kinety present. Furthermore, the two Parakahliella macrostoma populations are closely related to Apoamphisiella and all morphospecies of Paraurostyla but Paraurostyla viridis, a possibly misidentified Oxytricha granulifera strain according to Berger (2006) and Paiva et al. (2009) .
Deviata and Perisincirra paucicirrata cluster together, but are far from the two Parakahliella macrostoma populations. The two Chinese populations of P. macrostoma differ from Deviata in having: (1) adoral zone of membranelles and undulating membranes in Oxytricha pattern (vs. Gonostomum pattern); (2) more buccal cirri and parabuccal cirri (3-4 vs 1, 3-5 vs 1, respectively); (3) more macronuclear nodules, i.e. 8-10 (pop.1) and 4-9 (pop.2) vs 4; (4) more dorsal kineties (5 vs 2); (5) caudal cirri present (vs absent). Our populations can be separated from Perisincirra by having: (1) adoral zone of membranelles and undulating membranes patterns in Oxytricha pattern (vs. Gonostomum pattern); (2) more buccal cirri and parabuccal cirri number (3-4 vs 1, 3-5 vs 2, respectively); (3) more macronuclear nodules i.e., 8-10 (pop.1) vs 2, 4-9 (pop.2) vs 2; (4) more dorsal kineties (5 vs 3) (Li et al. 2013; Luo et al. 2016) .
At present, the positions of Parabistichella variabilis, Bistichella variabilis and Bistichella cystiformans are still unresolved. In our phylogenetic analyses, these three isolates are far from Parakehliella macrostoma, albeit they have so many similar morphologic features with Parakahliella macrostoma such as: (1) adoral zone of membranelles and undulating membranes in Oxytricha pattern; (2) more than one buccal cirri and parabuccal cirri; (3) have front ventral row. To assess the phylogeny of Parabistichella and Bistichella, we enforce the monophyly of two Parakehliella macrostoma strains, Parabistichella variabilis, Bistichella variabilis and Bistichella cystiformans, and we also perform the approximately unbiased (AU) test. However, the AU test result rejects its monophyly (p=1e-053), consequently, additional molecular data and more detailed ontogenetic information are needed for inferring exact phylogeny of Parabistichella spp. and Bistichella spp.
